BIN2-proximal proteins that uncover a broad BIN2 signaling network. Our study illustrates 13 that PL-MS using TurboID is a powerful tool for mapping signaling networks, and reveals 14 broad roles of BIN2 kinase in cellular signaling and regulation in plants. 
10
Considering the high catalytic activity of TurboID, we wondered if it could be an 11 efficient tool for capturing transient and dynamic interactors of a bait protein like BIN2 in 12 plants. We reasoned that a fusion between TurboID and a kinase or phosphatase will biotinylate 13 the substrates of the enzyme during the process of them being phosphorylated or de-14 phosphorylated, allowing their identification by PL-MS. Our results show that BZR1 can be 15 specifically biotinylated by TurboID fusions with BIN2 or the phosphatase PP2AB'α subunit, 16 which are known to interact with BZR1 (He et al., 2002 , Tang et al., 2011 . After optimizing tool for mapping signaling networks, and establishes the framework of a large GSK3/BIN2-1 signaling network in Arabidopsis.
2

Results
3
To investigate whether TurboID is an effective tool for PL in plant cells ( Figure 1A ), we 4 generated a gateway-compatible binary vector to express proteins fused to TurboID ( Figure   5 1B). We cloned the full-length coding sequence of BIN2 into the vector to express a fusion 6 protein containing BIN2, YFP (yellow florescent protein) and TurboID (BIN2-YFP-TbID) 7 from the constitutive 35S promoter. To test whether BIN2-YFP-TbID can biotinylate BZR1 in 8 plant cells, we co-expressed it with a BZR1 fused with 4xMyc-6His tag (BZR1-MH) 9 transiently in Nicotiana benthamiana leaves. As a control, we also co-expressed BZR1-MH 10 with a YFP-YFP-TbID fusion protein, using the constitutive 35S promoter. After pull down by 11 Streptavidin-agarose from the protein extracts of Nicotiana benthamiana leaves, 12 immunoblotting with anti-Myc antibody detected BZR1-MH in the sample that co-expressed TbID as a negative control, was pulled down with streptavidin-agarose or co-immunoprecipitated by anti-GFP 12
antibody from aliquots of the same protein extracts, and then immunoblotted using anti-Myc antibody. We further examined the specificity of TurboID for biotinylation of interacting proteins.
17
Previous studies demonstrated that BZR1 interacts with six GSK3 kinases including BIN2 but 18 not with the other three GSK3s such as AtSK41 in Y2H assays (Kim et al., 2009 ). Consistently,
19
BZR1-MH biotinylation by BIN2-YFP-TbID was much stronger than that by AtSK41-YFP-
20
TbID ( Figure 1D ). Previous studies also showed that BZR1 binds to specific PP2A regulatory 21 subunits such as PP2AB'α, but not to PP2AB'ε (Tang et al., 2011) . Again, biotinylation of 22 BZR1-MH was detected when co-expressed with PP2AB'α-YFP-TbID but not with PP2AB'ε-
23
YFP-TbID ( Figure 1E ). Our results indicate that PL using TurboID has a relatively high level 24 of specificity for true interacting proteins.
25
To compare the efficiency of PL with co-immunoprecipitation (co-IP), protein extracts 26 obtained from leaves co-expressing BZR1-MH and BIN2-YFP-TbID or leaves co-expressing 27 BZR1-MH and YFP-YFP-TbID were evenly divided into two aliquots. Each aliquot was pulled 28 down with streptavidin-agarose beads or with anti-GFP antibody immobilized on Protein A-29 agarose beads. The streptavidin beads pulled down about 10 times more BZR1-MH than did 30 the anti-GFP antibody beads ( Figure 1F ), indicating that TurboID-based PL is more efficient than co-IP for detecting PPI in plant cells.
2
To further identify BIN2-interacting proteins using PL-MS, we generated transgenic We tested the effects of different biotin treatment conditions on the efficiencies of 1 biotinylation and streptavidin pulldown. We found that biotin treatment increased the 2 biotinylation of proteins in the BIN2-YFP-TbID Arabidopsis seedlings in a concentration-and 3 time-dependent manner up to 250 μM biotin for 1 hr (Figure 3A) , or six hours of treatment with 4 50 μM biotin ( Figure 3B ). We then tested the effects of biotin concentration on streptavidin 5 pulldown. We found that 5 µM biotin treatment significantly increased the amount of BZR1- MH pulled down by streptavidin-agarose ( Figure 3C ). However, unexpectedly, treatments with higher concentration (50 and 500 µM) of biotin greatly reduced the efficiency of pulldown.
1
Immunoblotting using anti-Myc antibody showed that the level of BZR1-MH protein was not 2 changed, and its biotinylation was increased upon biotin treatment at the higher concentrations 3 ( Figure 3C ). We suspected that the high concentrations of exogenous biotin enhance PL but 4 interfere with the pulldown by streptavidin if not removed from the extracts. We investigated 5 whether removal of free biotin from the extracts can improve the efficiency of pulldown by 6 streptavidin. An aliquot of the extract of BIN2-YFP-TbID seedlings treated with 50 µM biotin 7 was desalted using a Sephadex G-25 desalting column. The removal of free biotin by desalting 8 step greatly increased the pulldown efficiency of biotinylated proteins, whereas no appreciable 9 amount of biotinylated proteins was pulled down without desalting treatment ( Figure 3D ).
10
We further tested the effects of different concentrations of biotin on the identification Figure 4D ). These observations suggest that the dosage of biotin 1 treatment has major effects on the sensitivity and specificity, and a proper negative control is 2 essential for distinguishing real from false interactors.
3
With the method optimized, we tried to identify the BIN2 interactome using transgenic The mass spectrometry analysis detected biotinylation in only a very small fraction of 9 the identified proteins, suggesting that a large number of non-biotinylated background proteins 10 were pulled down in the above experiment. We thus tested whether streptavidin pulldown after The condition of biotin treatment is important for optimal sensitivity and specificity of shortest labeling time that produces sufficient biotinylated material for analysis.
22
We showed that the amount of biotinylated protein increased with the increases of In addition to affecting sensitivity and specificity, use of high concentrations of biotin 12 can greatly reduce pulldown efficiency if not removed from the extracts. Apparently, the plant 13 tissues can carry over significant amount of free biotin into the extracts, which compete for 14 binding to streptavidin. Removing free biotin from the extract, e.g. by using a desalting column 15 or protein precipitation, can greatly increase the pulldown efficiency. We also found that We used a YFP-YFP-TurboID as our negative control for BIN2-YFP-TbID, and used the YFP 7 tag to verify that the control and experimental constructs had similar subcellular localization. Further, some BIN2 interactors may happen to be biotinylated also by the YFP-TurboID control, 14 resulting in a fold enrichment below the cutoff threshold.
15
Among the 310 BIN2-proximal proteins we identified are eight BIN2-interactors that 16 were previously reported. These include BIN2's substrates BZR1, BZR2/BES1 (He et al., and Tubulins; the discrepancies will need to be resolved in future studies.
3
The large number of BIN2-proximal proteins identified in our study suggests very two applications, by expressing the TurboID fusion with signaling proteins using cell type-23 specific promoters, will not only improve the sensitivity and specificity of the analysis but also illustrate signaling network in specific developmental context. 
Materials and methods
3
Plant Materials and Growth Condition 4
Nicotiana benthamiana seeds were planted on soil and grown for 4-5 weeks in the green house. were assembled by overlapping ends using Gibson assembly master mix (NEB, Ipswich, MA). 
LC-MS/MS Analysis of SIL samples
28
The peptides were analyzed on a Q-Exactive HF hybrid quadrupole-Orbitrap mass 29 spectrometer (Thermo Fisher) equipped with an Easy LC 1200 UPLC liquid chromatography system (Thermo Fisher). Peptides were separated using analytical column ES802 (Thermo converted to peaklist using an in-house script PAVA, and data was searched using Batch-Tag were generated by SigmaPlot.
19
Streptavidin purification of biotinylated peptides
20
Protein extraction and digestion was performed as previously described (Hsu et al., 2018) .
21
Plants were lysed in lysis buffer (6M guanidine hydrochloride in 100 mM Tris-HCl at pH 8. HCl at pH 8.5) and then were 5-fold diluted with 50 mM triethylammonium bicarbonate buffer.
28
Protein amount was quantified using BCA assay (Thermo Fisher Scientific). Five mg of 29 proteins were then digested with Lys-C (Wako) in a 1:50 (v/w) enzyme-to-protein ratio for 3 30 hours at 37 °C, and trypsin (Sigma) was added to a final 1:100 (w/w) enzyme-to-protein ratio overnight. The detergents were separated from digested peptides by acidifying the solution 1 using 10% trifluoroacetic acid and then centrifuged at 16,000 g for 20 min. The digests were 2 then desalted using a 100 mg SEP-PAK C18 cartridge (Waters). acid) for 5 min five times. The eluates were combined and dried using a SpeedVac, and then
12
were desalted using a C18 StageTip.
13
Streptavidin purification of biotinylated peptides 14 Protein extraction and digestion was performed as previously described (Hsu et al., 2018 HCl, pH 8.5) and then were 5-fold diluted with 50 mM triethylammonium bicarbonate buffer.
22
Protein amount was quantified using BCA assay (Thermo Fisher Scientific). Five mg of acidifying the solution using 10% trifluoroacetic acid (TFA) and then centrifuged at 16,000 g 27 for 20 min. The digests were then desalted using a 100 mg SEP-PAK C18 cartridge (Waters).
28
The digested peptides were resuspended with 1 ml of PBS buffer, and then 100 µl of was seven amino acids, and a minimum Andromeda score was set at 40 for modified peptides.
30
All data were analyzed using the Perseus software (version 1. 
